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I.  INTRODUCTION 


The  responsivity  of  PbS  infrared  detectors  will  saturate  under  suffi¬ 
ciently  high  levels  of  incident  flux*  This  flux  can  consist  entirely  of 
chopped  radiation,  as  with  a  very  strong  signal.  Alternately,  it  can  include 
both  a  low  intensity  chopped  radiation  and  an  unchopped  background.  Whether 
or  not  these  two  types  of  flux  lead  to  the  same  degree  of  saturation  is  not 
immediately  apparent.  If  so,  an  unchopped  background  radiation  could  be 
simulated  by  Increasing  the  signal  flux  to  an  equivalent  level,  taking  into 
account  the  fact  that  approximately  half  of  the  radiation  would  be  intercepted 
by  the  chopper  blades  in  the  latter.  This  study  addresses  that  possibility. 


II .  EXPERIMENTAL  SETUP 


Figure  1  depicts  the  experimental  arrangement.  The  detector  was  mounted 
in  a  sorption-pumped  vacuum  chamber  at  the  base  of  a  liquid  nitrogen  dewar.  A 
heater  and  an  automatic  temperature  controller  maintained  the  temperature  of 
the  detector  to  within  0.5  degrees  C.  A  cold  filter  directly  in  front  of  the 
detector  passed  radiation  only  in  the  2.66-2.78  micron  band  with  a  transmis¬ 
sion  coefficient  of  0.5. 

For  responsivity  measurements,  the  detector  output,  due  to  the  chopped 
infrared  radiation,  was  amplified  with  a  current  amplifier  having  a  gain  of 
2E7  V/A.  A  lock-in  amplifier  demodulated  the  signal  and  passed  it  on  to  a 
digital  voltmeter.  For  the  largest  flux  levels,  it  became  necessary  to 
interpose  a  ten-to-one  voltage  divider  between  the  two  amplifiers. 

Two  black  bodies,  each  with  their  own  choppers,  acted  as  sources  for 
infrared  radiation.  In  order  to  reach  the  high  flux  levels  required  for  this 
study,  both  black  bodies  were  set  at  900  degrees  C.  A  beam  splitter  allowed 
the  detector  to  see  both  sources  simultaneously.  The  transmission  coefficient 
of  the  beam  splitter  was  measured  in  situ  as  0.74. 

The  flux  due  to  black  body  //I  was  calculated  in  the  usual  way,  taking 
into  account  the  transmissions  of  the  filter  and  beam  splitter,  the  distance 
between  source  and  detector,  and  the  form  factor  of  the  chopper.  The  flux 
from  black  body  //2  was  determined  by  comparing  the  relative  strengths  of  the 
detector  response  resulting  from  each  of  the  two  sources  individually.  Care 
was  taken  to  perform  this  comparison  at  low  flux  levels  where  the  detector 
response  was  linear. 


III.  RESULTS 


The  plots  of  Figures  2-4  summarize  the  results.  Measurements  of 
responsivity  were  taken  at  a  detector  temperature  of  140°K  and  at  frequencies 
of  16  Hz,  50  Hz,  and  98  Hz.  Each  run  consisted  of  two  groups  of  data.  First, 
source  #2  was  blocked  and  the  response  of  the  detector  to  chopped  radiation 
from  source  #1  was  measured  as  a  function  of  flux  level.  The  plots  of  these 
data  are  labeled  "Zero  background.”  Second,  the  response  of  the  detector  to 
chopped  radiation  from  source  # 2  was  measured  under  conditions  of  simultaneous 
illumination  with  unchopped  radiation  from  source  #1.  These  plots  are  labeled 
"with  background".  Two  "with  background"  runs  are  included  in  Figures  2  and 
4.)  The  leftmost  data  point  of  the  "with  background"  plots  were  measured  with 
source  //I  blocked,  that  is,  with  no  background. 

In  the  first  case,  the  "total  flux”  of  the  x-axis  is  given  by 

F  =  (1.049  E-4 )*B* A1 2 

where  F  is  in  Watts  per  sq.  cm.;  B  is  the  transmission  coefficient  of  the  beam 
splitter;  and  A1  is  the  diameter,  in  inches,  of  the  aperture  of  source  //I . 

The  numerical  factor  includes  the  effects  of  the  source  temperature,  the 
source-detector  distance,  the  chopper  form-factor,  and  the  transmission  of  the 
cold  filter.  The  responsivity  was  calculated  using 

R  -  V/( 32 . 54*D*B*A1 2) 

where  R  is  in  Amps/Watt;  V  is  the  lock-in  amplifier  reading  in  mV;  and  D  is 
the  voltage  divider  factor,  either  1.0  or  0.0893.  The  numerical  factor 
includes  the  strength  of  the  signal  flux  and  the  area  of  the  detector. 

In  the  second  case,  the  "total  flux"  is 

F  -  ( 1 .049 E-4)  ( 2*B*A1 2  +  A22/f) 


Responsivlty  vs.  Total  Flux  (Signal  Plus  Background) 


TOTAL  FLUX  (W/sq  cm) 

Figure  3.  Responsivity  vs.  Total  Flux  (Signal  Plus  Background),  30  Hz 
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where  the  factor  of  2  accounts  for  the  fact  that  the  radiation  from  source 
#1  is  unchopped;  A2  is  the  diameter,  in  inches,  of  the  aperture  of  source 
// 2;  and  f  includes  the  effects  of  the  different  distances  of  the  detector  from 
the  two  sources  and  the  reflection  coefficient  of  the  beam  splitter. 

"f"  was  determined  from  the  condition  that  the  responsivity ,  as  calculated 
under  low  level  flux  conditions  from  the  equation 


R  =  f *V/( 32 ,54*A2^) , 


should  be  the  same  as  that  measured  when  source  #1  was  used. 
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IV.  ANALYSIS 


The  results  of  these  measurements  Indicated  that  the  chopped  radiation 
was  approximately  twice  as  effective  as  steady  background  radiation  in  causing 
a  saturation  of  detector  performance  at  high  flux  levels.  This  can  be 
explained  as  follows. 

When  Infrared  radiation  stikes  PbS,  an  electron-hole  pair  is  created. 

The  electron  becomes  immobilized  in  a  ''trap,"  presumably  at  a  grain  boundary, 
for  an  average  lifetime,  tau.  During  that  time,  the  mobile  hole  produces  a 
signal  in  the  form  of  an  enhanced  conductivity.  Once  the  electron  escapes 
from  the  trap  and  recombines  with  the  hole,  the  signal  decays.  The 
responsivity  is  directly  porportional  to  the  lifetime,  tau. 

The  electron  traps  have  a  range  of  lifetimes.  Larger  binding  energies 
correspond  to  longer  lifetimes.  At  greater  flux  levels,  the  longer  lifetime 
traps  become  full  and  additional  photogenerated  electrons  occupy  shorter 
lifetime  traps.  As  a  result,  the  average  lifetime,  and  the  responsivity,  fall 
with  increasing  flux. 

Both  the  background  and  the  signal  flux  generate  the  same  average  number 
of  electron-hole  pairs,  and  therefore  fill  up  the  same  number  of  traps  on 
average.  However,  the  average  number  of  filled  traps  is  not  the  important 
parameter.  Rather,  it  is  the  number  of  traps  that  are  filled  during  the  dwell 
time,  taup,  the  half  of  every  cycle  when  a  chopper  blade  does  not  block  the 
radiation.  Traps  filled  during  the  remainder  of  the  cycle  do  not  affect  the 
responsivity. 

If  the  lifetime  of  the  carriers,  tau,  is  much  longer  than  tauD,  the 
variations  in  the  number  of  filled  traps  becomes  averaged  out  to  a  constant 
level.  Under  that  circumstance,  the  chopped  radiation  will  be  equally  effec¬ 
tive  as  the  background  in  causing  saturation.  However,  if  tau  is  short 
compared  to  tau^,  the  chopped  flux  will  be  approximately  twice  as  effective  at 
filling  traps  during  the  critical  half  cycle  as  will  be  the  background  flux. 

We  will  demonstrate  this  mathematically. 


For  the  general  case,  we  can  determine  the  form  factor,  F,  defined  as  the 
ratio  between  the  effective  flux  and  the  equivalent  background  flux,  as 
follows.  We  begin  with  the  differential  equation  describing  the  number,  N(t), 
of  free  photogenerated  carriers  vs  time. 

dN( t )/dt  -  K* I ( t )  -  N(t)/tau 

where  I(t)  represents  the  incident  flux  and  K  is  a  constant.  For  radiation 
chopped  Into  a  square  wave,  we  have 

I(t)  *  I,  t  ■  0  -  taup 

l(t)  “0,  t  *  taujj  -  2*taujj 

This  gives  for  N(t) 

N(t)  *  B*exp(-t/tau)  +  K*I*tau,  t  -  0  -  tau^ 

N(t)  *  A*exp(-t/tau) ,  t  -  tauD  “  2*tauD 

The  above  equations  can  be  solved  for  A  and  B  by  equating  the  two 
expressions  at  the  boundaries  t  ■  0,  tau^,  and  2*tauD.  This  gives  for  B 

B  -  K*I*tau*( l-expX)/( 2*sinhX) 

where  X  *  tauD/tau. 

The  average  number  of  photogenerated  carriers  present  during 
illumination,  t  -  0  -  tauD  is  given  by 

tauD 

avg(N)  »  /  N(t)*dt/tau 

0 
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avg(N)  =  B*( l-exp(-X) )/X  +  K*I*tau 


We  wish  to  compare  the  value  of  avg(N)  due  to  chopped  radiation,  avg(N)g, 
with  that  arising  from  steady  background  radiation,  avg(N)g,  for  the  same 
total  amount  of  radiation  R  actually  falling  on  the  detector.  For  the  former 
case,  R  ■  1/2.  For  the  latter  case,  we  use  dN(t)/dt  ■  0  and  l(t)  *  R  in  our 
differential  equation  to  get 


avg(N)g  =  K*R*tau 


Defining  the  factor  F  by 


F  «  avg(N)c/avg(N)fi 


finally  gives 


F  -  2*( ( 1-coshX)/ (X*sinhX)  +  1). 

Thus,  it  is  easy  to  see  that  F  *  1  for  very  small  values  of  X  and  F  =  2 
for  very  large  values  of  X. 

The  following  formula  describes  the  dependence  of  the  lifetime  of  PbS 
photogenerated  carriers  as  a  function  of  flux  level. 

tau  *  taug/(l  +  1 . lE8*tauQ*I) 

where  taug  ■  0.1  sec.  From  this  expression,  we  see  that  the  lifetime  falls 
below  the  inverse  chopping  frequency  of  1/16  sec  at  I  *  IE  -  6.  Our  data  at 
16  Hz  confirms  that  the  saturation  of  response  becomes  noticeable  at  and  above 
that  flux  level.  At  the  higher  chopping  frequencies,  the  initiation  of 
saturation  shifts  to  higher  flux  levels,  again  in  agreement  with  the  above 
equation. 

Thus,  the  two  effects  are  linked.  At  flux  levels  sufficiently  high  for 
saturation  to  occur,  tau  will  be  short  compared  to  taup  giving  large  X  and 


F  ■  2.  Under  those  conditions,  the  chopped  signal  flux  will  always  be  twice 
as  efficient  at  filling  traps  during  the  critical  half  cycle  than  is  the 
background  flux. 


V.  CONCLUSION 


Signal  flux  can  be  used  to  simulate  background  flux  provided  that  the 
detector  lifetime  and  dwell  time  are  taken  into  consideration.  When  tau  is 
less  than  tauQ,  this  requires  the  inclusion  of  a  factor  of  two  when 
calculating  the  equivalent  background  radiation. 
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